Summary Oxidative stress is thought to play a role in the development of insulin resistance. In order to elucidate the molecular effect of oxidative stress on liver insulin signaling, we analyzed the effect of paraquat (1,1-dimethyl-4,4-dipyridynium; PQ)-derived oxidative stress on the expression of insulin-dependent genes and activation of liver insulin signaling pathway. Incubation of primary cultured rat hepatocytes with 2 mM PQ for 6 h impaired the suppressive effect of insulin on insulin-like growth factor-binding protein-1 (IGFBP-1) gene expression, but did not influence glucose-6-phosphatase gene expression. Insulin-dependent phosphorylation or activation of insulin receptor, insulin receptor substrate-1 and -2, phosphatidylinositol 3-kinase, Akt and forkhead in rhabdomyosarcoma were not affected by PQ pre-treatment. In contrast, PQ treatment impaired insulin-dependent phosphorylation of mammalian target of rapamycin (mTOR). These results indicate that PQ-induced oxidative stress impairs insulin-dependent mTOR activation and that this impairment probably causes inhibition of insulin-dependent repression of IGFBP-1 expression.
Introduction
Oxidative stress has been suggested to play an important role in the development and progression of diabetes. Increased levels of oxidative products have been detected in diabetic animals and humans [1] [2] [3] , and intake of antioxidants improves insulin resistance in vivo [4, 5] . Furthermore, induction of oxidative stress by inhibiting glutathione synthesis in rats has been reported to induce insulin resistance [6] , and overexpression of antioxidative enzymes in mice reduces insulin resistance induced by adipocytokines [7] .
After insulin binds to its specific cell surface receptor, insulin receptor (IR) tyrosine kinase is activated, causing autophosphorylation of IR. Fully activated IR tyrosine kinase phosphorylates intracellular substrates such as insulin receptor substrate (IRS)-1 and -2. Tyrosine phosphorylated IRSs are recognized by SH2-domain containing signaling molecules, resulting in activation of downstream signaling pathways including the phosphatidylinositol 3-kinase (PI 3-kinase) pathway. When this pathway is activated, one of the downstream Ser/Thr kinases, Akt/PKB, is phosphorylated at Ser 473 and Thr308, resulting in its activation. Akt/PKB phosphorylates various substrates, for example the transcription factor forkhead in rhabdomyosarcoma (FKHR), which is phosphorylated at Ser 249, Ser 256, and Ser 319, inducing its nuclear export and loss of transcription regulatory activities to target genes. Another important downstream Ser/Thr kinase of the PI 3-kinase pathway is mammalian target of rapamycin (mTOR), which is activated by phosphorylation of Ser 2448; activated mTOR plays important roles in the induction of protein synthesis.
The molecular effects of oxidative stress on cellular insulin signaling have been investigated mainly using adipocytes or muscle cells treated with hydrogen peroxide (H2O2). The results of those studies have indicated that treatment of cells with H2O2 inhibits insulin-induced IR phosphorylation followed by reduced PI 3-kinase activation and glucose uptake [8] [9] [10] . Further investigations have shown that H2O2 or buthionine sulfoximine, an inhibitor of glutathione synthesis, depresses insulin-induced phosphorylation of IRS-1 and activation of PI 3-kinase in low-density microsome fractions in 3T3-L1 adipocytes and L6 myotube cells [11, 12] . Taken together, these studies indicate that oxidative stress may cause impairment of insulin signal transduction by inhibiting phosphorylation or activation of upstream insulin signaling molecules in adipose tissue or muscle. However, since the effect of oxidative stress on liver insulin signaling has not been well investigated, the effect of reactive oxygen species (ROS) on hepatic insulin action was examined in this study.
In order to examine the effect of ROS, we used paraquat, 1,1-dimethyl-4,4-dipyridynium (PQ) as a radical generator, which effectively inhibits hepatic insulin action as well as H2O2, as we previously reported [13] . PQ is known to generate paraquat radicals by reduced nichotinamide adenine dinucleotide phosphate reductase, which is reoxidized by molecular oxygen and produces superoxide radicals [14] [15] [16] . Because of this mechanism of radical generation, PQ is regarded as an intracellular radical generator and has been widely used as an experimental ROS generator [17] [18] [19] [20] [21] .
In this study, we measured the expression of insulin-like growth factor-binding protein-1 (IGFBP-1) and glucose-6-phosphatase (G6Pase) genes as indicators of insulin action, because the expression of these genes is repressed by insulin in liver or hepatocytes [22] . IGFBP-1 inhibits the growthpromoting effect of insulin-like growth factors (IGFs) by binding to IGFs [23] , and G6Pase is a rate-limiting enzyme of hepatic gluconeogenesis. Increased expression of these genes in animals has been shown to produce insulin resistance or metabolic profiles similar to type 2 diabetes [24, 25] . Although both IGFBP-1 and G6Pase genes are regulated by insulin via transcription factor FKHR, which binds to the insulin response element in their promoter region [26] [27] [28] [29] , the existence of distinct mechanisms has been also reported [29] [30] [31] [32] [33] [34] . In particular, IGFBP-1 gene expression is regulated by the mTOR-dependent pathway that is distinct from the regulation of the G6Pase gene [32, 33] . In this study, we first measured the effect of PQ treatment on the expression of IGFBP-1 and G6Pase genes, and further analyzed insulin-induced phosphorylation of IR, IRS-1 and -2, Akt, mTOR, and FKHR, and insulin-induced PI 3-kinase activation in order to investigate the molecular effect of PQ on insulin action in liver.
Materials and Methods

Materials
Williams' medium E (WE) and Hanks' balanced-salt solution (HBSS) were purchased from SIGMA (St. Louis, MO); newborn bovine serum (NBS) was from JRH Bioscience (Lenexa, KS); penicillin G, streptomycin sulfate, and kanamycin were from SIGMA; collagen-coated dishes were from Asahi Techno Glass Co. (Tokyo, Japan); collagen (Cellmatrix Type I) and collagenase (Collagenase S-1) were from Nitta Gelatin Inc. (Osaka, Japan); glycogen (glycogen type II from Oyster) was from SIGMA; and trypsin inhibitor was from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Anti IRS-1, anti-IRS-2, anti-phosphotyrosine (p-Tyr), anti-FKHR, and secondary antibodies for immunoblotting were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-phospho-Akt (Ser 473), anti-phosphomTOR (Ser 2448), and anti-phopho-FKHR (Ser 256) were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Anti-IRS-1 and anti-IRS-2 antibodies for immunoprecipitation were prepared according to the method described previously [35] . [γ-
32 P] ATP (6,000 Ci/mmol) was purchased from Amersham Pharmacia Biotech (Uppsala, Sweden). Other chemicals were of reagent grade available commercially.
Primary cultures of rat liver parenchymal cells
Primary cultured rat hepatocytes were isolated from livers of male Wistar strain rats (body weight 150-300 g, Japan Laboratory Animal, Tokyo, Japan) by perfusion with collagenase as described previously [36] . Parenchymal cells were inoculated on collagen-coated dishes at densities of 1.4 × 10 6 cells/60 mm dish or 4.2 × 10 6 cells/100 mm dish and cultured for 2 h in WE with 10% (w/v) NBS, 10 nM insulin, and 1 μM dexamethasone at 37°C in a humidified incubator with an atmosphere of 95% air/5% CO2. Cells for the trypan blue exclusion assay were inoculated on collagencoated cover glass at the density described above. All media contained penicillin (0.1 U/ml), streptomycin (0.1 μg/ml), and kanamycin (30 μg/ml). Unattached cells were removed by aspiration 3 h after inoculation, and attached cells were incubated further for 20-24 h in the same medium. The medium was then discarded and the cells were washed three times with HBSS before treatment with various concentrations of PQ in WE containing 0.1% (w/v) bovine serum albumin for an additional period.
Trypan blue exclusion assay
Cell viability was assessed by adding 0.03% (w/v) trypan blue to the cells and counting dead cells under a light microscope.
Lactate dehydrogenase (LDH) activity assay
Cell culture medium (50-200 μl) was added to 2 ml of 50 mM phosphate buffer (pH 7.5) containing 0.62 mM lithium pyruvate and 0.18 mM nichotinamide adenine dinucleotide that had been pre-warmed at 35°C, and the decreasing rate of absorbance at 340 nm was measured. LDH activity (unit/ml) was defined as 1 unit = 1720 × (decrease in absorbance at 340 nm for 2 min).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was prepared from the cultured cells as described previously [37] . cDNA synthesis and polymerase chain reaction (PCR) were performed as described previously [13] . PCR with graded amounts of control template were performed at the same time, and a reaction cycle that gave quantitative amplification of the control template was adopted for each reaction. PCR primers used were as follows: G6Pase sense, 5'-GGTTACTTCTACTCTCGCTATG-3'; G6Pase antisense, 5'-GCTGGCAAAGGGTGTAGTGT-3'; IGFBP-1 sense, 5'-TCCTGATCCTCCTGTCCTT-3'; IGFBP-1 antisense, 5'-TATAGAGTTCCCGTTGG-3'; β-actin sense, 5'-ACCCACACTGTGCCCATCTA-3'; β-actin antisense, 5'-CGTCACACTTCATGATG-3'. The results were quantified using the public domain NIH Image program.
Immunoblotting
Cells were lysed at 0°C in 0.25 ml of Tris/Triton lysis buffer [50 mM Tris-HCl pH 7.4, 1% (v/v) triton X-100, 1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, 1 mM NaF, 10% (v/v) glycerol] containing 10 mg/ml p-nitrophenyl phosphate (PNPP), 10 mM Na3VO4, 20 μg/ml aprotinin, 20 μg/ml phenylmethylsulfonyl fluoride (PMSF), 10 μg/ml leupeptin, and 5 μg/ml pepstatin, and then centrifuged. A fraction of each sample that contained the same amount of protein was subjected to SDS-PAGE and the proteins on the gel were transferred to a polyvinylidene fluoride membrane (Hybond-P, Amersham Bioscience, Tokyo, Japan) and immunoblotted with a monoclonal antibody (1:100 for anti-phosphotyrosine antibody) or polyclonal antibody (1:500 for anti-IRS-1 antibody, 1:500 for anti-IRS-2 antibody, 1:100 for anti-phospho-Akt antibody, 1:100 for anti-phospho-mTOR antibody, and 1:100 for anti-FKHR antibody). The blots were then probed for 1 h with antimouse IgG (1:3,000), anti-rabbit IgG (1:3,000), or anti-goat IgG (1:3,000) conjugated with horseradish peroxidase. Proteins were detected using an ECL kit, according to the manufacturer's directions (Amersham ECL kit or ECL Plus kit; Amersham Life Sciences Co.), and the results were quantified using the public domain NIH Image program.
Immunoprecipitation
Immunoprecipitation was performed by incubating cell lysate (2.5 mg protein) with anti-IRS-1 or anti-IRS-2 antibody (20 μl) bound to protein G sepharose beads for 1.5 h at 4°C. After centrifugation, precipitant was washed three times with Tris/Triton lysis buffer and boiled for 3 min with 1x Laemmli's sample buffer to elute immunoprecipitated proteins.
PI 3-kinase activity assay
Cells were lysed at 0°C in 0.25 ml of Tris/Triton lysis buffer containing 10 mg/ml PNPP, 10 mM Na3VO4, 20 µg/ml aprotinin, 20 μg/ml PMSF, 10 μg/ml leupeptin, and 5 μg/ml pepstatin. The lysate was centrifuged at 3,000 × g for 5 min at 4°C. The supernatant (500 μg protein) was incubated with anti-IRS-1 antibody (10 μl) or anti-IRS-2 antibody (10 μl) overnight at 4°C. Ten microliters of Protein A-Sepharose (30%, v/v) was then added and the incubation was continued for 2 h. The immunoprecipitates were collected by centrifugation at 4°C, washed once with Tris/Triton lysis buffer, and then with LiCl buffer (100 mM Tris-HCl pH 7.5, 500 mM LiCl), distilled water, TNE buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, and 1 mM EDTA), and finally with reaction buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, and 0.5 mM EDTA). The PI 3-kinase assay was carried out as described previously [38] , with slight modifications. Briefly, the assay was initiated by preincubation of immunocomplexes in 40 μl of assay mixture I (39.5 μl of reaction buffer with 0.5 μl of phosphatidylinositol) at 25°C for 5 min, to which was added 10 μl of assay mixture II [100 mM MgCl2, 5 mM dithiothreitol, 0.15 mM, ATP 1% (v/v) [γ-32 P] ATP (4 μCi/ mmol)] and further incubated for 30 min. After incubation, One hundred microliters of chloroform/methanol/HCl (10:20:1) was added to the reaction mixture to stop the reaction. The mixture was centrifuged at 20,100 × g for 5 min at 4°C to extract lipid, spotted on a silica gel plate, and developed with chloroform/methanol/NH4OH/water (43:38:6:6).
32 P radioactivity incorporated into phosphatidylinositol was detected by autoradiography as PI 3-kinase activity. Each data point represents the mean of three replicate dishes.
Statistical analysis
Each treatment effect was analyzed by Student's t test, and differences were considered significant at p<0.05. Statistical analysis was performed on three samples from identical preparations of cells and the reproducibility of results was confirmed by using at least two different preparations.
Results
PQ-induced oxidative stress in primary cultured rat hepatocytes
The effect of PQ-induced oxidative stress on cell viability was evaluated by trypan blue exclusion assay. Incubating cells with 1 mM or 5 mM PQ within 12 h did not affect cell viability (Fig. 1A) , while incubation with 5 mM PQ for 24 h decreased cell viability to 50%. Damage of the plasma membrane, estimated by LDH activity in the cell culture medium, was increased slightly until 12 h after PQ treatment and increased remarkably by incubating cells with 5 mM PQ for 24 h (Fig. 1B) .
Effect of PQ on insulin-dependent gene expression
Because insulin is known to reduce hepatic IGFBP-1 and G6Pase gene expression predominantly [39] [40] [41] [42] , we analyzed the effect of PQ on the mRNA content of these genes. Treatment of the cells with 100 nM insulin for 6 h decreased the mRNA level of these genes to 20-40% (Fig. 2A) . The suppressive effect of insulin on IGFBP-1 gene expression was impaired by 2 mM PQ treatment while that on G6Pase gene expression was not inhibited (Fig. 2A) . Co-incubation with 1 mM N-acetyl-L-cysteine, an antioxidant, almost completely blocked the effect of PQ on insulin-dependent repression of IGFBP-1 gene expression (Fig. 2B) .
Effect of PQ on insulin-dependent phosphorylation of IR, IRS-1, and IRS-2
We next examined the effect of PQ on insulin signaling at the early stage. Treatment of the cells with 100 nM insulin for 1 min increased tyrosine phosphorylation of IR, IRS-1, and IRS-2, and the amount of PI 3-kinase p85 subunit associated with IRS. These effects of insulin were not affected by pretreatment of the cells with 2 mM or 5 mM PQ for 6 h (Fig. 3A-F) . The amounts of IRS-1 and IRS-2 were not significantly changed ( Fig. 3A and D) .
Effects of PQ on insulin-dependent activation of PI 3-kinase
As shown in Fig. 4 , treatment of the cells with 100 nM insulin for 6 h increased PI 3-kinase activity bound to IRS-1 or IRS-2. Pretreatment with PQ slightly reduced insulindependent PI 3-kinase activity by about 20%; however, this reduction was not statistically significant for PI 3-kinase activity bound to IRS-1 as well as IRS-2 (Fig. 4) .
Effects of PQ on insulin-dependent phosphorylation of Akt and FKHR
We then examined changes of the downstream signals along the PI 3-kinase pathway. Treatment of the cells with 100 nM insulin for 1 min increased the phosphorylation of Akt (Ser 473) which reflects Akt activity (Fig. 5A) . Pretreatment with 2 mM or 5 mM PQ for 6 h did not affect insulindependent Akt phosphorylation in the same manner with PI 3-kinase activity bound to IRS-1 and IRS-2. In addition, treating the cells with 1 μM insulin for 15 min increased Ser 256 phosphorylation of FKHR, which is one of the substrates of Akt, and increased transcription of IGFBP-1 and G6Pase genes with the non-phosphorylated form [27, 29] . Pretreatment with 5 mM PQ for 6 h did not inhibit insulin-dependent FKHR phosphorylation (Fig. 5B) .
Effect of PQ on insulin-dependent phosphorylation of mTOR
Last, we measured the activity of another downstream Ser/Thr kinase, mTOR, by its phosphorylation. Treatment of the cells with 100 nM insulin for 10 min increased the phosphorylation of mTOR (Ser 2448). Interestingly, pretreatment with 2 mM PQ for 6 h abolished insulindependent mTOR phosphorylation (Fig. 6A) . In order to investigate the role of mTOR in insulin-dependent regulation of gene expression, we analyzed the effect of rapamycin, an mTOR inhibitor, on insulin-dependent regulation of IGFBP-1 and G6Pase mRNA content. As shown in Fig. 6B , regulation of IGFBP-1 by insulin was rapamycin-sensitive while that of G6Pase was not, indicating that insulin signals through mTOR play an important role in down-regulation of the IGFBP-1 mRNA level.
Discussion
PQ produces oxidative stress by redox cycling with a variety of diaphorases and oxygen to produce supreoxide radicals [14] [15] [16] and was used as an intracellular radical generator in the present study. PQ treatment for 6 h, the experimental condition in this study, did not decrease cell viability and slightly increased leakage of LDH from the cells (Fig. 1) . The effect of PQ-induced oxidative stress was not so severe as to reduce cell viability and was almost equal to that seen in our previous study, in which we demonstrated the repressive effect of oxidative stress on insulin regulation of gene expression [13] . The results of this study showed that PQ treatment inhibited insulin-dependent regulation of IGFBP-1 but not G6Pase, suggesting that the effect of PQ was specific to a signaling pathway that regulates IGFBP-1 gene expression. As the inhibitory effect of PQ on insulindependent regulation of IGFBP-1 gene expression was repressed by the antioxidant NAC, the effect was mediated by ROS or changes of intracellular redox status (Fig. 2) . Since PQ is an intracellular radical generator, we assumed that PQ-derived ROS attacked insulin signaling molecules before being quenched by cellular antioxidative systems.
Among the intracellular insulin signaling molecules investigated, our results demonstrated that PQ treatment did not affect insulin signal transduction at the early stage, such as phosphorylation of IR and IRS, activation of PI 3-kinase, and phosphorylation of Akt. In adipocytes and muscle cells, oxidative stress has been shown to disrupt subcellular redistribution of IRS-1 and PI 3-kinase induced by insulin treatment [11, 12] . Since the insulin-induced increase and activation of IRS-1 and PI 3-kinase in low-density microsome fractions is important in glucose transporter 4 translocation and glucose uptake in these tissues, impairment of this process may have an important role in inducing insulin resistance. In the case of liver, H2O2 has been shown to act as a stimulator of IR tyrosine kinase by inhibiting proteintyrosine-phosphatase activity [43] . These results suggest that H2O2-derived ROS influences the early stage of insulin signaling in a tissue-specific manner. As PQ treatment did not up-regulate the early stages of insulin signaling, such as phosphorylation of IR, IRS, PI 3-kinase, and Akt/PKB in this study (Figs. 3, 4 , and 5), the severity or duration of ROS generation may be important to induce the up-regulation of insulin signaling.
Based on the fact that PQ treatment did not affect insulindependent phosphorylation of FKHR, we conclude that the effects of PQ treatment on inhibition of insulin-dependent repression of IGFBP-1 gene expression are not mediated by the PI 3-kinase-Akt-FKHR pathway. On the other hand, another interesting target of PQ-induced ROS among insulin signaling molecules that we found in this study is mTOR. That is, phosphorylation of mTOR Ser 2448, which reflects its activation, was impaired by PQ treatment (Fig. 6 ). Since the insulin regulation of IGFBP-1 was sensitive to rapamycin treatment but that of G6Pase was not (Fig. 6B) , it is conceivable that the inhibition of insulin-dependent mTOR phosphorylation caused impairment of insulin regulation of only IGFBP-1 gene expression. It has been reported that insulinregulation of IGFBP-1 gene expression is not involved in FKHR binding [34] but is dependent on mTOR activation [32, 34] . These findings support the present results showing that inhibition of insulin-dependent mTOR phosphorylation causes impairment of insulin-dependent regulation of IGFBP-1 gene expression. This is the first report to indicate that ROS impairs insulin-dependent mTOR phosphorylation directly, although it has also been reported that H2O2 impairs mTOR dependent pathways in hepatocytes [32] . Therefore, we conclude that insulin-dependent mTOR phosphorylation is a target of oxidative stress in liver.
Phosphorylation of mTOR is regulated not only by insulin, but also by growth factors, energy, or the amino acid supply. Signals from insulin and growth factor receptors via the PI 3-kinase/Akt pathway phosphorylate and inactivate tuberous sclerosis complex (TSC) 2 and convert Ras homolog-enriched in brain to its active GTP-bound form, leading to activated mTOR [44] . Energy or amino acid restriction has been reported to impair mTOR phosphorylation through activation of AMP-activated protein kinase which can activate TSC2 [45] [46] [47] [48] . By these mechanisms, protein synthesis of cells is regulated in response to nutritional stress using mTOR as an essential regulator. Whether the same mechanism is involved in the impairment of mTOR phosphorylation under PQ-induced oxidative stress is unclear at present. The results of the present study suggest for the first time that ROS-derived stress suppresses mTOR phosphorylation as in the case of energy-or amino aciddeprivation.
The mechanism underlying mTOR regulation of IGFBP-1 gene expression is unknown at present. As a transcription factor regulated by mTOR, hypoxia-inducible factor-1α has been reported to regulate IGFBP-1 gene expression in response to hypoxia in zebra fish [49] . Under hypoxia, IGFBP-1 mRNA expression is increased through the elevation of HIF-1α. However, we found that the HIF-1α level in the cells did not change with PQ treatment (data not shown). Insulin-dependent mTOR activation may regulate IGFBP-1 gene expression by a different mechanism from that of hypoxia, and elucidation of this mechanism is in progress in our laboratory.
The impairment of insulin regulation of IGFBP-1 synthesis helps maintain hepatic IGFBP-1 synthesis and plasma IGFBP-1 at higher level, which inhibits the protein synthesis activity of IGF-I in peripheral tissues. Furthermore, mTOR by itself is a serine/threonine protein kinase which phosphorylates and regulates the activity of eukaryotic translation initiation factor 4E-binding protein 1 and p70 S6 kinase, inducing mRNA translation and resulting in an increase in cellular protein synthesis [50] . Therefore, oxidative stress may suppress cellular protein synthesis through the inhibition of insulin-dependent mTOR phosphorylation in hepatocytes. The present results therefore suggest a novel mechanism of oxidative stress to down-regulate protein synthesis via IGFBP-1 production.
In conclusion, PQ-induced oxidative stress impaired insulin-dependent repression of IGFBP-1 gene expression, not by changes in tyrosine phosphorylation of IR or IRSs, or activation of PI 3-kinase and Akt/PKB, but by the impairment of insulin-dependent mTOR activation. The present study strongly suggests that this novel mechanism of oxidative stress to inhibit mTOR activity leads to a reduction of whole body protein synthesis through inhibition of IGF activity by increases in IGFBP-1 as well as inhibition of mTOR-mediated protein synthesis.
